One of the critical issues when navigating a wheeled robot is the ability to move effectively. Omnidirectional robots might overcome these nonholonomic constraints. However, the motion planning and travel speed of the movement has been in continuous research. This study proposed segregation of states to improve the holonomic motion system with omnidirectional wheels, which is specially designed for soccer robots. The system used five separate defined states in order to move toward all directions by means of speed variations of each wheel, yielding both linear and curved trajectories. The controller received some parameter values from the main controller to generate robot motion according to the game algorithm. The results show that the robot is able to move in an omnidirectional way with the maximum linear speed of 3.2 m/s. The average error of movement direction is 4.3°, and the average error of facing direction is 4.8°. The shortest average time for a robot to make a rotational motion is 2.84 seconds without any displacement from the pivot point. Also, the robot can dribble the ball forward and backward successfully. In addition, the robot can change its facing direction while carrying the ball with a ball shift of less than 15 cm for 5 seconds. The results show that state segregations improve the robots capability to conduct many variations of motions, while the ball-handling system is helpful to prevent the ball get disengaged from the robot grip so the robot can dribble accordingly.
I. Introduction
The popularity of Soccer Robot Contests has been emerging in the last decades. It came with various divisions, namely: Kids League, Small Size League, Medium Size League, etc. One of the vital aspects in conducting the game is regarding the robot motion mechanisms. Some literature has addressed similar issues, such as in [1] [2] , which proposed a ballhandling mechanism while freely moving. MATLAB was used to simulate the control system. On the other hand, some conventional locomotion systems are still evolving. A two-wheeled robot was controlled using a PID controller to vary the velocity of the left and right wheels [3] . A genetic algorithm was utilized to optimize the PID parameters. Also, PI controllers together with fuzzy systems were used in [4] to regulate the four-wheeled omnidirectional robot. The development of mechanical design has also become important to ensure motion flexibility.
A spherical wheel for an omnidirectional mobile robot is proposed in [5] [6] . The main purpose of such development is to address the drawback of fourwheeled robot design. In [7] , two active wheels were employed to control the ball rotation. The mathematical foundations were critical to derive the kinematics between the ball rotation and the wheels. A comprehensive review of wheel types of omnidirectional robots was shown in [8] [9] .
Two categories of omni-wheels, namely special omnidirectional wheels and conventional steerable wheels, were compared to show the pros and cons of each wheel type to be applied in omnidirectional wheeled mobile robots. In addition, a well-planned trajectory is also important to navigate the soccer robot [10] . Even though various sophisticated algorithms have been proposed, the range of path planning problems has been continuously growing [11] . Many important issues have to be addressed in the path planning process such as the modeling of multiple optimal functions, dynamic environment, dynamic constraints, etc., which cause a heavy computational operation.
The aim of this research is to develop a navigation system of the holonomic robot without computational burdens that typically occur in both on-line and off-line motion planning [10] Figure 1 shows the complete block diagram of the robot hardware system. The Arduino receives four parameters: motion, heading, speed, and handler from the main controller to determine the motion profile of the robot. Those four parameter values will be used to determine the speed and rotational direction of three major driving motors and two ball-handling motors so that the robot will move accordingly.
II. Materials and methods
In the major driver motor control, PID control system is used in order to harmonize the motor rotational speed with the desired speed. Rotary encoder sensor is used to acquire the actual speed value of the major driving motor, which in turn, used as feedback to the PID control system. The specifications of electric motors and robot are given in Table 1 . The CAD model of the robot and ball-handling system are shown in Figure 2 and 3, respectively. Two infrared sensors are used to detect whether the ball has been grasped by the ball handling system or not. These data will be utilized in the game algorithm by the main controller. One emergency switch is functioned to run and deactivate the motion of the robot which mounted on the top part of the robot so it can be easily reached. 
A. States segregation
The servomotors generate pan and tilt values of the robot head, which together with the compass value are used as parameters in the game algorithm (processed in the main controller) to determine which states should be executed. Therefore, in order to perform the robots motion effectively, five states from state 0 to state 4 were developed.
1) State 0
State 0 is used to make the robot does not move or immobile. When the motion parameter is 0, all the major driving motors will be deactivated because the value of the speed set point on the PID system is 0 rpm. When the handler parameter is '1', then the ball handling system will be active so that the robot can chase the ball. State 0 is used to make the robot stop while either carrying the ball or not.
2) State 1
State 1 is a type of motion where the robot can perform linear motion toward all directions while maintaining its facing direction. This motion is used by the robot when the robot locates itself on the pitch at the beginning of the game. To set the motion direction, heading parameters ranging from 0° to 360° were used. The speed of motion is set by using speed parameter with a speed scale of 0 rpm to 350 rpm. The value of handler is '1' in order to activate the ball-handling system. The equations used to obtain the speed set point of each motor for state 1 are [13]:
where is the speed of motor A, is the speed of motor B, is the speed of motor C, v is speed parameter, and is the desired direction (°). After obtaining the set point value of each motor using Equations (1) to (3), the PID system sets the PWM value so that the motor rotates according to the specified set point.
3) State 2
State 2 is a type of movement where the robot moves rotationally with respect to the center point of the robot body. This motion is used when the robot locates the ball position. In order to move the robot rotationally, all the major driving motors must rotate in the same direction with the same speed, so that the robot rotates with respect to the center point of the robot body.
The heading parameters are used so that the rotation speed movement of the robot can be adjusted, e.g., 1° to 180 o for the clockwise rotation and -1° to -180° for the counter clockwise rotation. The PWM value of the major driving motor for the slowest and fastest rotation motion is obtained by trial and error. The governing equation is:
where V m is the PWM value of motor speed, H is the heading parameter, H min is the minimum value of heading parameter, H max is the maximum value of heading parameter, S min is the PWM value for slowest rotation, and the last, S max is the PWM value for fastest rotation.
4) State 3
State 3 is a type of motion that can be used to turn with an adjustable angle to chase the ball. The aim is that when chasing and taking the ball, the robot does not need to rotate until the ball position is right in front of the ball handling system, which only has a width of 14 cm.
The heading parameter is used to set the angle of turning, ranging from 1° to 90° for turning right and -1° to -90° for turning left. To set the speed of motion, the speed parameter with a scale value of 0 rpm to 350 rpm speed is used. The equations used to obtain the value of set point speed of each motor for state 3 are:
 for turning right,
 for turning left,
where H is the heading parameter (-90° ≤ heading ≤ 90°), S p is the speed parameter, S min is the minimum value of speed parameter, V mA is the speed of motor A, V mB is the speed of motor B, H min is the minimum value of the heading parameter, and H max is the maximum value of the heading parameter. From equations (5), (6), (7), and (8), one can obtain the set point value of the speed of the major driving motor in rpm. The PID control system will adjust the PWM value of the major driving motor in order to rotate the motor in accordance with the specified set point.
5) State 4
State 4 is used when the robot is intended to change its facing direction to the goal post with or without the ball. Unlike the state 2, the center point of the rotation is the ball which is held in the ball handling system. The aim of this motion is to ensure that the ball is kept in place when doing the rotational motion.
It can be seen in Figure 4 that in order to produce rotational motion to the right, motor B is off, and motor C rotates faster than motor A with the turning direction of motor A and C to the left. Whereas for the rotational motion to the left can be seen in Figure 5 , motor A is off; then motor C rotates faster than motor B with the rotating direction of motor B and C to the right.
In state 4, the ball handling system is always in active mode to keep the ball in place. If the speed of the ball-handling motor is too slow, the ball will easily loose; while if it is too fast, it will reduce the battery lifetime.
B. PID control of major driving motor
The PID control system is used to set the PWM value of each major driving motor in order to accord its rotational speed with the specified set point [14] . This process is conducted by Arduino 1 with the set point value obtained from the calculation of each type of motion. The feedback is in the form of speed value in rpm of each major driving motor that was processed by Arduino 2. The PID algorithm is shown by the following equation:
where x(t) is the input of the PID controller, and y(t) is the output of the PID controller. To determine the coefficients K p , T i , T d , trial and error method was used [15] . The desired response is not in the form of underdamped response, e.g., no overshoot. Otherwise, the motor will rotate suddenly and the speed exceeds the set point value for some time. Fast rotation of the wheel at the beginning of the motion will lead the wheels to slip resulting from the motion errors.
C. Ball-handling system
The ball-handling system is used to catch and dribble the ball, and placed in the middle of the forepart of the robot with a width of 14 cm. It consists of two wheels motors that have a diameter of 3 cm, a width of 1.5 cm, and with a height of ±4/5 of the ball height.
The ball-handling system works by rotating the active wheel to the inner direction of the robot. The right wheel rotates counter clockwise, and the left wheel rotates clockwise. Thus, when there is a ball attached to the wheel, the ball will be automatically stuck into the ball-handling area as shown in Figure 6 and 7. If the ball already gets into the ball-handling area, both of ball handling motors will decrease the rotational speed. The aim of reducing the speed of the ballhandling motor is to conserve battery life. The sensors that used to detect the ball in the ball handling area are the infrared sensors.
III. Results and discussions

A. PID control performance
To obtain the desired control performance, some experiments are conducted to show the step responses using different PID parameters. It can be seen in Figure  8 , the response of the PID system of the major driving motor with the value of K p = 0.05, K i = 0, and K d = 0.01 is not an underdamped response. This result is in accordance with the expectation, which is no overshoot.
B. Motionabilty
1) State 0
The experimental results show that all of the motors can stop successfully. At the time the robot activates state 0 while dribbling the ball, the handler parameter value must be '1' so that the ball handling system can hold the ball securely. The average time needed to make the robot stop from its maximum speed is 0.26 seconds.
2) State 1
State 1 test is conducted by running robot with some heading parameter value as far as ± 3 meters at 10 times of attempts, then observing the movement direction error and facing direction error. The results are shown in Figure 9 and Figure 10 are the results of experiments carried out by using the parameter value of 220 rpm speed. These values are used in the game algorithm to navigate on the pitch. From the experimental results conducted as many as 10 times for each heading value, the robot motion is not always constant. The average error of the robot motion direction is 4.3°, and the direction of the robot is 4.8°. A slight slip occurred on the major driver becomes the cause of motion direction errors in the robot. Whereas, the error of the direction of the robot is likely because of the inertial force exerted by the robot when suddenly stopped. The center of gravity of robots that are not at the center point of the robot also affects the inertial force felt by the robot so that it affected on the resulting movement. On the other hand, the maximum robot linear speed is 3.2 m/s when the speed parameter is set to 350 rpm.
3) State 2
Test of state 2 is carried out by calculating the time to make a full rotation at some heading values. To test whether there is a shift at the center point of the rotational movement, a line is made on the field at the outside of the robot wheel followed by the observation whether there is a shift or not. Table 2 shows that more positive or negative heading values lead to a shorter time required for the robot to perform a full rotation. This is because the heading parameter is used to set the robot's rotational speed. In addition to the observations made, there is no visible shift in the position of the wheels to the lines made. Therefore, it can be concluded that there is no shift at the center point of robot rotational movement.
The fastest average time from five times robot attempts to do one full rotation is 2.88 seconds for right rotation and 2.92 seconds for left rotation.
4) State 3
In the game algorithm, this state is used to chase and take the ball as long as the robot can see the ball, with the ball position is not more than 18 cm to the right or to the left of the center point of the robot forepart. The test is done by placing the ball on the left or right side of the robot as far as 5 cm and 18 cm from the center point of the robot forepart whereas the ball distance in front of the robot is varied from 15 cm to 300 cm. In overall, the success rate of state 3 to chase and catch the ball at a front distance of more than 15 cm is 100%. However, at a front distance of no more than 15 cm and the distance of the left or right side of the robot is 18 cm, is ending with an unsuccessful result. This is because the ball position is still too close to the forepart of the robot, so the ball hit the front side of the robot, which is not part of the ball-handling system.
5) State 4
Test of state 4 is carried out by making a circle line with a diameter of 15 cm on the field; then motions run for 5 seconds for both left and right rotation. Each test is done as many as 10 times with the position of the ball center point inside the circle line. It is then observed whether the ball center point is out of the circle line or not while and after rotating. Ten times experimental results for left and right rotation had shown 100% successful operations.
The slight movement of the ball position can be caused by the value of the major driver speed that has not been precise, so the center of the robot's rotational movement is not at the center point of the ball. Overall, this motion can be used to change the facing direction of the robot when carrying the ball.
C. Dribbling test
The dribbling test is carried out by using different motions, e.g., state 3 with heading 0° for forwarding dribble, and state 1 with heading 180° for the backward dribble. The value of the speed parameter is 220 rpm in accordance with that is used in the game algorithm. The test is conducted by carrying 10 times of attempts to dribble forward and backward and then observed whether the ball is detached from the robot while moving or stopping. From the 10 times of attempts conducted, the robot can dribble the ball forward and backward with a success rate of 100%.
IV. Conclusion
The use of state segregations for three omniwheeled robots is suitable because of the capability to conduct many variations of motions. This segregation requires neither online nor offline path planning and gives relatively fast linear speed at 3.2 m/s. The results show that the robot is able to move in an omnidirectional way with the average error of the robot movement direction is 4.3°, and the average error facing the direction of the robot is 4.8°. The fastest average time for a robot to make a rotational motion is 2.84 seconds without any displacement from the pivot point. These results outperform the aforementioned motion planning methods in terms of time consumed when the robot moves along linear and curved trajectories. The robot can dribble the ball forward and backward successfully. The robot can change its facing direction while carrying the ball with a ball shift of less than 15 cm for 5 seconds. The ball-handling system is helpful to prevent the ball get disengaged from the robot grip so the robot can dribble accordingly. Slip on the main driver wheels might create inaccuracies of robot movement. 
